Gene targeting was used to introduce nonselectable genetic changes into chromosomal loci in mouse embryo-derived stem cells. The nonselectable markers were linked to a selectable marker in both insertion-and replacement-type vectors, and the transfer of the two elements to the Hprt locus was assayed. When insertion vectors were used as substrates, the frequency of transfer was highly dependent upon the distance between the nonselectable marker and the double-strand break in the vector. A marker located close to the vector ends was frequently lost, suggesting that a double-strand gap repair activity is involved in vector integration. When replacement vectors were used, cotransfer of a selectable marker and a nonselectable marker 3 kb apart was over 50%, suggesting that recombination between vector and target often occurs near the ends of the vector.
frequently lost, suggesting that a double-strand gap repair activity is involved in vector integration. When replacement vectors were used, cotransfer of a selectable marker and a nonselectable marker 3 kb apart was over 50%, suggesting that recombination between vector and target often occurs near the ends of the vector. To illustrate the use of replacement vectors to transfer specific mutations to the genome, we describe targeting of the AF508 mutation to the CFTR gene in mouse embryo-derived stem cells.
Gene targeting in mouse embryo-derived stem (ES) cells provides the means for generating mice of virtually any desired genotype (3, 4) . Most (22) are illustrated in Fig.  1 . In both cases, the neor gene is linked to an arbitrary mutation indicated by an asterisk in exon 3. The first scheme requires two steps (6, 13, 17, 24) . First, the entire targeting vector is inserted into the cognate chromosomal sequence, generating a duplication of sequences at the endogenous locus. The cells which contain a targeted insertion of the vector are then subjected to a second round of selection to identify subclones in which intrachromosomal homologous recombination has condensed the duplication. During this condensation, the neor gene is removed from the host sequences. Selection Cell lines and cell culture. The ES cell line, CC1.2 (2) , was used in all experiments. Growth and selection conditions were those described previously (11) .
Mutant identification. DNA extraction and Southern transfer conditions have been described (22, 23) . Identification of the phenylalanine deletion in CFTR was performed by a published polymerase chain reaction (PCR) protocol (1) and reagents from Perkin-Elmer Cetus. Denatured cellular DNA (125 ng) was used as the substrate for amplification in a 25-,ul reaction mixture containing the following: 2 mM MgCl2, 200 ,uM each of the four deoxynucleoside triphosphates 0.7 U of Taq polymerase; and 300 nM each of the four primers. Amplification consisted of 27 cycles, with each cycle including the denaturation step (95°C, 30 s), annealing step (60°C, 20 s), and extension step (72°C, 60 s). The final cycle included an additional 7-min extension step. Oligonucleotides used to specifically amplify 76 bp of mutant CFTR sequences were as follows: 5'-GTTGGCAAGCTFTGACAA CACTCT-3' (antisense nucleotides from exon 10) and 5'-GGTACTATCAAAGAAAATATCATTGG-3' (sense nucleotides from exon 10 missing the critical phenylalanine residue). Also amplified was a 461-bp sequence from int-2 (12), using oligonucleotides 5'-CTCAGGCGTCCAGTCTTG TGG-3' (antisense nucleotides 993 to 973) and 5'-GATACCT CAGGAAGTCCTTCTTC-3' (sense nucleotides 532 to 554). Following amplification, 10 ,ul of each reaction mixture was analyzed by electrophoresis through a 6% polyacrylamide gel and stained with ethidium bromide.
RESULTS
Point of crossovers with sequence insertion vectors. It is often presumed, by analogy with Saccharomyces cerevisiae (8, 14) , that locus, the crossovers occur at or near the double-strand break in the vector (7). To evaluate this assumption, a marker was placed at different distances from the site of the double-strand break in the hprt insertion vectors shown in Fig. 2 . pIV9.3-Xh/0.7 and pIV9.3-Xh/2.8 contain new XhoI sites 0.7 and 2.8 kb, respectively, 5' of the BstEII site used to create the double-strand break, whereas pIV8.1d/4.2 contains a 1.2-kb deletion 4.2 kb 5' to the BstEII site.
Following the introduction of these targeting vectors into ES cells by electroporation, and selection for colonies capable of growing in medium containing G418 and 6-thioguanine (6-TG), virtually all of the cells were hprt mutants as a consequence of targeted disruption of the Hprt gene (5, 23) . This result is because the ES cells are derived from a male mouse and therefore contain only a single copy of the X-linked Hprt gene which confers sensitivity to 6-TG. In addition, the probability of simultaneously acquiring a spontaneous hprt mutation (6-TGr) and a random copy of the hprt targeting vector (G418r) is approximately 4 to 5 orders of magnitude lower than acquiring a targeted hprt mutation (22) .
To assess the cotransfer of the marker along with the neor gene, independent G418r 6-TGr colonies were analyzed by Southern blot hybridization. Figure 3 illustrates a typical Southern blot of DNA from G418r 6TGr colonies isolated following the introduction of pIV9.3-Xh/0.7 into ES cells. Three types of events were observed: (i) the faithful cotransfer of the XhoI marker with the neor gene, (ii) failure of the XhoI marker to be transferred, and (iii) the unexpected transfer of the XhoI marker to the 5' duplication (Fig. 3) . The latter event is presumed to occur as a consequence of a gene conversion event, centered around the XhoI polymorphism, during the insertion of the targeting vector into the Hprt locus. Similar events have been detected in targeting experiments at the CHO Ap-t locus (15) . From this table, it is evident that the probability of transferring the marker increases as the distance of the marker from the cut site increases. Thus, a marker 4.2 kb from the double-strand break has a 95% probability of being transferred to the genome, whereas a marker 0.7 kb from the break has only a 26% probability of faithful transfer. These results are consistent with a double-strand break-gap repair model (18, 19, 25) for homologous recombination of insertion vectors and emphasize the fact that the size of the gap at the double-strand break can encompass several kilobases.
Points of crossovers with replacement vectors. Figure 4A illustrates hprt replacement vectors that contain the neor gene in exon 3 of hprt. Two EcoRV restriction endonuclease sites approximately 3 kb on either side of the neor gene were each removed by the addition of 8-bp ClaI linkers. The intervals between the polymorphisms and the 5' and 3' ends of the linearized vector are designated A and D, respectively, whereas the intervals between the neor gene and the 5' and 3' polymorphisms are designated B and C, respectively (Fig. 4) . The two vectors pRV11-1 and pRV11-2 differ only in the orientation of the neor gene. Following the introduction of these vectors into ES cells and selection for G418r 6-TGr colonies, Southern blot hybridization analysis was used to determine the frequency of transfer of the ClaI sites to the endogenous Hprt locus (diagrammed in Fig. 4B ). Table 2 Use of replacement vectors to generate specific mutations. The use of sequence insertion vectors to generate specific mutations in ES cells via scheme I (Fig. 1) has been described (6, 24) . Here we illustrate the use of replacement vectors to introduce the most common allele among humans with cystic fibrosis, the AF508 mutation, into the CFTR gene in mouse ES cells.
The AF508 mutation is a deletion of 3 nucleotides from exon 10 of the human CFTR gene that results in the deletion of a single phenylalanine residue from the mature CFTR protein (9, 16) . The murine CFTR gene shares 78% amino acid identity with its human counterpart, including 84% identity in those amino acids encoded by exon 10 (20, 26). The mouse exon 10 sequence contains a phenylalanine which corresponds to the phenylalanine residue that is deleted in the human AF508 mutation and is flanked by 28 amino acids identical to those in the human exon. Such a striking similarity at the protein sequence level suggests that the deletion of the murine equivalent of AF508 may provide a useful animal model for the most prevalent form of cystic fibrosis.
pRVCF11, the vector that was used to introduce the AF508 mutation into the mouse genome, is shown in Fig. 5A 10 . An example of this analysis is shown in Fig. SB . DNA from the parental cell line, CC1.2, and four G418r FIAUr cell lines was digested with BamHI and hybridized to CFTR sequences located outside the targeting vector. The probe hybridizes to a 13.2-kb BamHI fragment in wild-type DNA. Cell lines containing the targeted neor gene, however, have an additional BamHI site, and thus the probe reveals a CFTR fragment 8.5 kb in length. The presence of the neor gene at the predicted position was also confirmed by four additional enzyme digestions, as well as by using a probe with sequences both internal to and 5' of the targeting vector. Of the 13 targeted cell lines, all contained the predicted structures, indicating that no additional rearrangements had occurred (data not shown).
To identify those cells in which the AF508 mutation had been cotransferred with the neor gene, a PCR analysis for the presence of the 3-bp deletion was performed. A primer set similar to that used to screen for human AF508 carriers (1) was used to amplify a 76-bp sequence of exon 10. The 5' primer is elongated only when hybridized with the mutant CFTR allele. The positive control in these analyses is the amplification of a 461-bp sequence from the int-2 gene. The results of such an analysis are shown in Fig. 6 . In lane 2 is DNA amplified from the parental cell line CC1.2. Lane 3 contains CC1.2 DNA mixed with cloned CFTR DNA containing the AF508 mutation at a molar ratio of 0.6 with respect to the wild-type (CC1.2) CFTR sequences. Lanes 4 through 13 contain DNA from 10 G418r FIAUr cell lines transformed with pRVCF11. As The targeting frequency at CFTR reported here is significantly higher than that reported previously (10) using a similar, replacement-type vector. One explanation for this difference is that the vector DNA used in this study is isogenic with that of the target, a situation shown to maximize targeting frequencies (5, 21) .
DISCUSSION
The analysis of the cotransfer of restriction enzyme polymorphisms with a selectable genetic marker has allowed us to determine the regions of crossover between targeting vectors and their chromosomal targets. The frequency of transfer of the nonselected marker from the vector to the target was shown to be dependent upon both the position of the marker relative to the ends of the linear targeting vector and upon the topology of the vector.
When insertion vectors were used as substrates, the probability of marker transfer could be correlated with the distance of that marker from the double-strand break in the vector. A marker located 0.7 kb from the cleavage site was faithfully transferred only 26% of the time, while a marker 4.2 kb from the break was transferred at a frequency of 95%. The relatively low frequency of cotransfer of the endproximal marker suggests that gene conversion events, emanating from the double-strand break, may be occurring. Such events would be predicted if recombination occurred via the double-strand break repair model for vector integration (18, 19) .
The crossovers associated with replacement vector-mediated gene targeting were shown to occur towards the ends of the targeting vector. Thus, nonselectable markers as far as 3 kb from the positive selection marker could be cotransferred at frequencies greater than 50%. The utility of such a cotransfer was demonstrated by the cotransfer of the AF508 mutation of the CFTR locus with a neo gene located 4 kb from the mutation in a neighboring intron sequence.
In addition to their bearing on potential recombination mechanisms, these observations have implications for the construction of targeting vectors designed to introduce subtle mutations to specific chromosomal sites. When insertion vectors are used to perform two-step gene replacement, the unselected marker should be placed at some distance from the site of the double-strand break. On the other hand, when replacement vectors are used to cotransfer the nonselectable marker, the position of the selectable marker relative to the nonselectable mutation is of less importance.
